ABSTRACT
Immunology
Mtb is the causative organism of tuberculosis. It is transmitted through the air as suspended droplets and inhaled by individuals into lungs. The organism reaches the deepest of alveoli in their lungs, where the organism avoids destruction by alveolar macrophages and maintains itself in the intracellular environment [7] [8] [9] .
Once Mtb causes initial infection in the lungs; innate immunity will be activated. Dendritic cells and alveolar macrophages are transported to the infected site to control the pathogen. Active TB occurs when the organism is released from the granuloma. This is because dendritic cells and the macrophages fail to control the pathogen and causes necrosis of granuloma [10] .
In many cases of TB, humans are infected by the organism but they do not develop the disease. These cases are classified as latent TB infection (LTBI) where the people are the vast reservoir for the organism. Such LTBI will reactivate when the immune system of the person weakens, most notable in individuals with HIV infection [11] .
LTBI occurs when immune system restrains the spread of Mtb by the formation of granuloma. However, it does not kill all the pathogen where the organism survives inside the granuloma.
In some studies, it is believed that the CD4+ Th1-cells are also involved in controlling TB infection. However, due to some unknown reasons, the T-cell response is muted within the granuloma with limited antigen presentation and recognition [8] .
Th17 that is produced by IL-17 received attention lately due to some evidence suggesting that Th17 cells are involved in controlling TB infection. Besides that, apoptosis of the cells is caused by CD 8+ T-cells also plays an important role in TB infections [7] . Though the mechanisms of the immune system controlling the TB bacilli are not well understood, scientists believe it is the cell-mediated immunity that plays an important and critical role [12] .
Previous old BCG Vaccine
The only vaccine that was available for tuberculosis till date is the M.bovis BCG vaccine, isolated by Calmette and Guérin in Lille, France [7] . This vaccine was first administered to a human infant in 1921. Since then more than 100 million of BCG vaccines are administered to infants annually. It is well-known fact that BCG can protect the infant from meningeal and miliary tuberculosis. However, the efficiency of BCG vaccine in preventing TB is reduced in old age group.
Limitations of BCG Vaccination
Although BCG can prevent meningeal and miliary tuberculosis in infants, it cannot provide immunity in adults to prevent pulmonary tuberculosis. This vaccine also cannot be administered to HIV-infected children. Studies have revealed that when BCG was given to children who were infected with HIV, there was a high risk of developing systemic or disseminated tuberculosis [13] . The Global Advisory Committee on Vaccine Safety has already issued warning that HIV-infected infants should not be given BCG injection [14] . Another limitation of BCG is that it does not provide protection against reactivation of LTBI [15] .
Researchers are still investigating the reasons that why BCG vaccine is unable to prevent pulmonary tuberculosis in adolescents. Recent findings propose that the current BCG vaccine has lost more than 100 genes in regions of difference (RD) from its original genome [16, 17] .
Helminth infestations are also associated with increased incidence of TB by interference with the protective anti-TB responses [7, 12] . The helminth infestations affect the immune responses by inducing Th 2 or increased regulatory Tcell (Treg) activity [18] .
Role of New Vaccines
Limitations of the old BCG vaccine have urged the scientists to develop new effective vaccines in preventing tuberculosis. The primary goal of the new vaccines is to provide immunity to TB for all age groups and also in patients with HIV [13] .
Some of the vaccines in clinical trials are designed to be safer in HIV-infected individuals [19, 20] . The new TB vaccine also needs to be safe, stable, inexpensive and should be able to provide long-lasting immunity [21] .
Another role of new TB vaccine is its ability to combine with other vaccines that are given in childhood. This is because the large percentage of the world population is infected with Mtb. Thus, a booster is also required to protect against various types of Mtb infections. A new BCG vaccine booster with minimum 50-70% efficacy can save about one-quarter of the TB population [12] .
New Vaccines for Mycobacterium Tuberculosis
The aim of developing new TB vaccines is either to replace the old BCG or act as a booster for the current BCG vaccine. The new TB vaccines that are being undergone clinical trials can be differentiated into a viral vector, subunit, bacterial vector and heat-inactivated Mycobacterium [22] .
Live Mycobacterial Vaccines
The development of new TB vaccines is either to improve the recombinant (r)BCG or to acquire a more efficient and genetically attenuated Mtb to be used to prevent TB [7, 17] .
In rBCG is the recombinant strain of BCG that uses BCG as a backbone to express T-cell immunity from Mtb [22] .
In rBCG, antigens can act together to maximize the protection and at the same time, researchers expect rBCG to have a prolonged life time in the tissues thus ensuring the immunological memory [21] . To construct rBCG, immunodominant Mtb-specific antigens i.e. RDI and RD2 loci are introduced into BCG [17] . A study shows that the ESX-1-complemented BCG vaccine provided better protection than BCG against TB [23] .
The rBCG30 is engineered for over-expressing the gene Ag85B. This antigen is a protein that secreted by Mtb [22] . It is found that rBCG30 secretes more over-expressing Ag85B as compared to BCG. Thus, it induces a greater Th1 immune response towards Mtb. Another recombinant BCG vaccine is VPM 1002. It uses protein, listeriolysin that is derived from Listeria monocytogenes to escape from phagolysosomes to the cytosol of the host. Listeriolysin can only work at acidic pH 5.5. However, listeriolysin cannot carry out its activity in the presence of BCG because BCG neutralises the phagosomal pH. Thus, the modification was done by deleting the urease C (ureC) gene in BCG by virtue of which microbial antigens are released into cytosol with better CD8+ T-cells stimulation [20] . Recently phase 2 trials have been completed comparing rBCG with BCG in newborn babies, however, results are still pending [24] . 
Subunit and Live Vector-Based Vaccines
Subunit vaccines are dead or non-replicating vaccines that can be delivered safely into the human body [7] . Most of the subunit vaccines are based on recombinant fusion proteins with attenuated viral vectors and are used as a BCG booster [7] . M72/MTB72F is the recombinant fusion protein consisting of Mtb32 and Mtb39 antigens developed by GlaxoSmithKline (GSK). This vaccine was mixed with either liposomal formulation (AS01) or proprietary oil-inwater emulsion (AS02) with monophosphoryl lipid A and Quillaja saponaria fraction 21 (QS21) [9, 19] .
Based on clinical trials studies, M72 demonstrated high levels of CD4 T-cells in individuals with primed-BCG [11] . Another recombinant fusion protein is Hybrid I (HI) which consists of early secreted antigenic target 6 (ESAT-6) and Ag85B. HI is combined with adjuvant IC31 that consists of oligodeoxynucleotides and polycationic aminoacids [9] . Based on preclinical data, this vaccine increases Th-1 responses against Mtb in mice and guinea pigs [9, 19, 22] .
The viral vector is also used to develop new TB vaccine, for example, the modified vaccinia virus Ankara 85A (MVA85A) which utilizes poxvirus to express Ag85A while Aeras 402 uses a recombinant adenovirus-35 to express Ag85A, 85B and TB10.4 [8] . Both of these vaccines are to act as a booster for BCG. MVA85A, shows strong Thelper cells responses by boosting specific CD4+ and CD8+ in the experiment with mice. Evidence also shows that MVA85A is safe and immunogenic in HIV and infected adults in the TB-endemic region [25] .
Killed Whole/Fragmented Cell Vaccines
Therapeutic vaccines are being developed as a treatment for patients who are already infected with Mtb. The aim of therapeutic vaccines is not only to destroy pathogen in active disease but also in LTBI. However, extra cautions are needed in developing a therapeutic vaccine because the high dosage of Mtb antigens is likely to cause potential risk such as tuberculin shock [12] . This phenomenon was described by Robert Koch over 100 years ago, and it is also known as Koch's phenomenon [9] . Two heat-inactivated strains (Mycobacterium vaccae and Mycobacterium indicus pranii) has been tested with a combination of chemotherapy for Mtb infection. RUTI ® or therapeutic vaccine is a heat-inactivated Mtb cellular bacterial fragment. It is grown under stress condition and is fragmented and detoxified by Triton X-11. This vaccine is designed to shorten the chemotherapy of LTBI and direct observed treatment shortcourse (DOTS) [12, 22] .
Multistage, Multi-Antigenic Subunit Vaccine
The multi-antigenic, multistage subunit vaccine can be a very useful tool against complex microbes invading host cell by various pathways [26] . For Mtb, AID4 polyprotein, multistage subunit vaccine has been developed as a novel vaccine. A study published in 2015 compared AID4 emulsified in adjuvant monophosphoryl lipid A (MTO)
with BCG showed promising initial results [27] .
Another study studied Mtb10.4-HspX (MH) as multistage subunit fusion vaccine as a potential candidate for clinical use [26] .
Table provides the summary of important tuberculosis vaccines that are undergoing human clinical trials.
Ethical Issues
All new TB vaccines are currently passing through different stages of clinical trials. The Clinical trials of new TB vaccines are mostly carried out in TB endemic areas. The populations in these areas are mostly poverty-stricken and poorly educated. They often have limited knowledge about the research and not familiar with human rights [9] .
The concept of informed written consent becomes an ethical concern as the study population mostly does not fully understand the content of research protocol. In order to address this issue of grave concern, the WHO is now trying to introduce regulatory challenges for testing new TB vaccines in these under-developed and developing countries. Multiple-dose of vaccine shown to be safe and give protection in Tb-HIV infected adults who have been given BCG injection during childhood (12, 22) .
Phase III

Mycobacterium indicus pranii (MIP)
Applied with chemotherapy for M.tb infection and results shown that it decreases response of inflammatory system (16, 20) .
Phase III
CONCLUSION
Even after so many decades, tuberculosis remains one of the major causes of mortality and morbidity in most of the under-developed and developing countries. This is due to the absence of any safe, stable and inexpensive vaccine providing life-long immunity. The scientists are still trying to solve the mystery of how the Mtb evades and escapes from the host adaptive immune responses. The only vaccine for TB which is BCG that has been existing for almost 100 years is losing its potency. Based on the evidence reviewed in this article, most of the new TB vaccine candidates have shown good efficacy and safety in trials on animals. However, the search for new TB vaccines will continue, even though, there is still no potent vaccine successfully passing through all stages of clinical and field trials. This is because the vaccines in clinical trials will prevent and reduce the number of TB cases around the world, but not completely destroy the pathogen. Thus, the next generation of vaccines that can fully eradicate Mycobacterium tuberculosis would always be required.
FUTURE OUTLOOK
More than 12 vaccines are currently undergoing clinical trials in various parts of the world. However, we are not sure whether these vaccines can fully prevent TB in the population. This is because there are gaps in scientific knowledge in TB and its vaccine development. A research into lung immunity may provide some information whether the regulatory T cells play an important role in modifying the susceptibility of Mtb [10] . The advanced technologies and development in Bioinformatics have increased the possibility of finding novel candidate antigens based on the genomic sequence [22] . A biomarker is one of a valuable tool in developing TB vaccine. The clinical endpoints can be determined with the help of biomarker. This could also reduce the cost and at the same time accelerate the clinical trials by providing useful information. The TB biomarker also can be used in the early diagnosis of active TB and the prediction of reactivation risk, latent infection as well as treatment outcome [9, 28] .
